INTRODUCTION
Determining human exposure to aerosols is an important component of health risk assessment in workplace and outdoor environments. When inhaled, aerosol particles can deposit in different regions of the respiratory track causing adverse health effects. The United States Environmental Protection Agency (US-EPA) uses PM 10 and PM 2.5 as the particulate matter (PM) pollution indices in its National Ambient Air Quality Standards (NAAQS). For workplace environments, the American Conference of Governmental Hygienists (ACGIH) has established sampling conventions of respirable, thoracic, and inhalable aerosols (Vincent 1999) . A comparison of the different sampling conventions is given in Figure 1 (U.S. EPA 1997a; Vincent 1999) .
Both ambient air quality monitoring and human exposure assessment need an instrument that simultaneously measures size dependent mass concentrations in real time over a wide concentration range (PM 10 , PM 2.5 , PM 1 , or inhalable, thoracic, and respirable, etc.) (Chow 1995; Pui 1996; McMurry 2000) . However, such an instrument has not yet been available.
The federal reference method (FRM) for determining compliance with mass based air quality standards is to use gravimetric filter samplers (U.S. EPA 1997b). Such a system typically includes a size selective inlet to remove particles larger than a specified size, a gravimetric filter that collects all particles below the cut-off size of the size selective inlet and a large pump to draw a large volume of flow through the filter. The mass on the filter is then used to determine the particulate mass concentration. The disadvantage of the gravimetric analysis is that it is time consuming and expensive.
There are several direct-reading instruments that measure mass concentrations in near-real time. They collect particles and use a sensitive means to determine the particle mass. Examples include the quartz crystal microbalance, the Tapered Element Oscillating Microbalance (TEOM) (Patashnick and Rupprecht 1991) , and the Beta gauge (Jaklevic et al. 1981 ). These instruments have good mass sensitivity, but are not capable of resolving particle size without a size selective inlet.
Real-time mass measurement can also be achieved with a photometer if the aerosol is primarily fine aerosol (Armbruster et al. 1984 ; Thomas and Gebhart 1994) . Photometers measure the scattered light flux from an ensemble of particles in the viewing volume. They are sensitive to a wide dynamic range of particle concentration. However, they do not resolve particle size. The photometric signal is dependent on particle properties such as size, shape and refractive index. Therefore different calibration factors are needed for different aerosols. Furthermore, photometers are typically most sensitive to particle diameters close to the wavelength (λ) of the light source. The photometric signal per unit mass concentration drops sharply for particles outside of this size range (Gebhart 2001) . Hence, photometers underestimate mass concentration contributed by large particles (>5λ).
Optical particle counters (OPCs) are widely used to measure particle size distributions in real time (Gebhart 2001) . By assuming aerosol density, shape, and refractive index, the "optical 940 X. WANG ET AL.
FIG. 1. PM 2.5 , PM 10 , inhalable, thoracic, and respirable particulate matter sampling conventions promulgated by US-EPA and the ACGIH (U.S. EPA 1997a; Vincent 1999). equivalent size" distribution can be converted to mass distribution (Binnig et al. 2007) . The advantages of an OPC are that (1) it can count particle numbers very accurately when the concentration is low; (2) it has very good signal to noise ratios for larger particles (e.g., >1 µm); (3) it can be relatively inexpensive. The main disadvantages are that (1) the particle optical size does not equal geometric size because it depends on the particle shape and refractive index; the error is further amplified when converting particle size distribution to mass concentration if the particle density is not known; (2) it will underestimate particle concentration due to coincidence errors caused by multiple particles present in the viewing volume at the same time. Therefore OPCs are typically only used in relatively clean environments.
Another widely used instrument that measures particle size and mass distributions in real time is the Aerodynamic Particle Sizer (APS) (Agarwal 1981; Hairston et al. 1996) The APS measurement is less dependent on the particle refractive index and density than the OPC. Good agreement between the APS and direct mass measurements has been reported (Sioutas 1999) . However, the APS cannot measure high concentrations. Moreover, the APS resolution decreases with the particle size.
In summary, filter sampling and direct mass measurement devices presently available have a significant disadvantage of not being able to provide particle size information unless sizeselective inlets are used. An OPC or APS suffers coincidence losses at high concentrations.
In this article, we describe a novel light scattering instrument that estimates size segregated aerosol mass concentration in real time over a wide concentration range. The novelty of this instrument is that it combines photometry and single particle sizing in one optical device. Photometers and OPCs are thought to be very different devices and their commonalities have been ignored (Cerni and Sehler 2008) . In fact, both instruments inherently detect photometric signal and single particle scattering at the same time, although only one of these two signals is analyzed. An OPC operates at low concentrations so that only one particle at a time is present in the viewing volume. The photometric signal from gas molecule scattering forms part of the background noise and limits the minimum particle size that can be measured by an OPC. On the other hand, a photometer can operate at high concentrations so that multiple particles can be present in the viewing volume at the same time. Pulses from single particle scattering are smeared in the averaging of the photometric signal. The instrument described in this paper measures both the photometric signal and pulses generated by particle larger than 1 µm. Such a combination allows this instrument to measure higher particle concentrations than an OPC and provide size information that is not available in a photometer. In the following sections, we will first describe the theory of operation, and then present experimental data to compare this instrument with other devices for different aerosols. Its advantages and limitations will also be discussed.
THEORY OF OPERATION

Instrument Description
The instrument being described has been commercialized as the DustTrak TM DRX Aerosol Monitor by TSI Inc. (Model 8533 and 8534). Hereafter it is referred to as DRX. A schematic diagram of the DRX is shown in Figure 2 . Aerosol being measured is drawn into the optical chamber in a continuous stream using a pump at a total flow rate of 3 liter/min. One liter/min of the aerosol stream is passed through a HEPA filter to remove particles. The clean air is then drawn back into the chamber around the inlet nozzle as sheath flow to reduce particle recirculation and protect the optics from particle contamination. The remaining 2 liter/min of particle-laden flow continues through the inlet and enters the optical chamber, where it is illuminated by a sheet of collimated laser beam with a wavelength of 655 nm. Scattered light in the scattering angle range of 90 ± 62 • is captured by a gold-coated spherical mirror and focused onto a photo detector. Particles exiting the optical chamber can be collected on an internal filter for gravimetric or chemical analysis. The total flow rate of 3 liter/min is actively controlled by a feedback loop between the pump and the flowmeter. The aerosol-to-sheath flow ratio is maintained by selecting an orifice to balance the pressure drops in the two flow paths. The HEPA filter for sheath flow is able to collect a significant amount of dust (∼50 mg) before a change is seen in the flow ratio.
The signal from the photo detector is digitized and processed by the photometric direct current (DC) voltage offset analyzer and the single particle pulse height analyzer. The photometric signal is used to estimate PM 2.5 mass concentration, and single particle counting is used to estimate mass distributions for particles larger than 1 µm. These two results are then combined to calculate the size segregated mass concentration. molecules, stray light inside the optical chamber and electrical noise. At low number concentrations, the photometric voltage signal is nearly zero. Particles larger than the detection limit will be sized and counted. At high number concentrations, reliable photometric signals can be measured. Smaller particles can no longer be counted accurately due to high coincidence errors, while larger particles can still be sized. For this reason, the DRX counts only particles larger than 1 µm (estimated aerodynamic diameter) to calculate single particle masses. The conversion from the optical equivalent diameter to aerodynamic diameter is discussed in a later section. Consistent with the generally accepted practice of calibrating photometers with Arizona Road Dust (ARD), the DRX is calibrated to represent ultrafine ARD (ISO 12103-1, A1 dust) equivalent concentration as default. A custom calibration is needed if the aerosol of interest is different from A1 dust.
PM 2.5 Mass Concentration by Photometry
The specific photometric response, which is defined as the flux of scattered light per unit mass concentration of aerosol, is a function of particle properties, including refractive index, shape, density and size distribution (Gebhart 2001) . Figure 4 shows the theoretically calculated specific photometric response of the DRX to idealized ARD (assuming spheres with refractive index m = 1.54, density ρ p = 2.65 g/cm 3 ) of various lognormal size distributions defined by the mass median diameter and geometric standard deviation (GSD). As expected, the specific photometric signal is strongest when the particle diameter is close to the laser wavelength (655 nm). Therefore, a photometer is most sensitive to fine particles. It will underestimate masses of very small and very large particles. For this reason, the DRX uses the photometric signal to determine the PM 2.5 concentration, and uses single particle measurement to obtain improved accuracy for larger sizes, such as PM 2.5-10 . This technique allows PM 2.5 and PM 10 to be calibrated separately to obtain best accuracy. Since the DRX typically operates without a PM 2.5 impactor on its inlet, light scattering from particles larger than 2.5 µm will also contribute to the photometric signal. This contribution is accounted for by photometric signal calibration.
Photometric signals of a given aerosol are linearly proportional to the mass concentration when multiple scattering can be neglected. Figure 5 shows such linear relationships for the PM 2.5 fraction of Emery oil (EO, refractive index m = 1.4645, density ρ p = 0.87 g/cm 3 ) and A1 particles. Results from measurement and Mie scattering calculation show very good agreement. This linear relationship allows a simple gravimetric calibration to FIG. 5 . Linear correlations between the PM 2.5 Emery oil (EO) and A1 dust concentration and the DRX photometric response. yield a photometric calibration factor (PCF) for a given aerosol:
PCF =
Gravimetric PM 2.5 mass concentration DRX PM 2.5 mass concentration for A1 dust .
[1]
The DRX PM 2.5 mass concentration for A1 dust is calculated by (Photometric voltage × R ARD ), where R ARD is a calibration factor that converts the photometric voltage to the PM 2.5 mass concentration of A1 dust. The PM 2.5 concentration of the aerosol under test is then PM 2.5 mass concentration = DRX PM 2.5 mass concentration for A1 dust × PCF.
[2]
The default PCF is 1. When aerosol properties (refractive index, shape, density and size distribution) are different from the calibration aerosol, a new PCF needs to be determined. To find a new PCF using Equation (1), one must sample the aerosol with an external gravimetric filter with a PM 2.5 impactor and the DRX simultaneously, collecting enough mass on the gravimetric filter. If the aerosol is stable, one can first measure the PM 2.5 gravimetric mass concentration using the internal filter of the DRX with a PM2.5 impactor installed on the DRX inlet, then remove the impactor and run the DRX for a couple of minutes to obtain an average PM 2.5 reading.
When the aerosol being measured has a size distribution and refractive index similar to that of the calibration aerosol, density becomes the dominant factor (O'Shaughnessy and Slagley 2002). The PCF is approximately proportional to the particle density. Table 1 shows the measured PCF for various non-lightabsorbing aerosol materials. Note that the PCF is in reasonable agreement with the ratio of the density of the aerosol under measurement to that of ARD. Therefore, it is possible to estimate the PCF for a non-light-absorbing aerosol if the particle density (ρ p ) is known:
[3] 
Mass Distribution by Single Particle Measurement
OPCs have been widely used for particle size distribution measurement. An OPC measures the optical equivalent diameter (d opt ), which is defined as the diameter of the test aerosol that scatters the same amount of light as the calibration aerosol. The DRX optical equivalent diameter is calibrated with polystyrene latex (PSL) spheres. The theoretical and measured relationships between pulse height and PSL size are shown in Figure 6 . Laboratory tests show that the DRX has ∼50% counting efficiency for 0.5 µm PSL and it can accurately size PSL up to approximately 15 µm.
To estimate mass distribution from optical particle sizing and counting, the following assumptions are made.
First, it is assumed that concentrations of particles larger than 1 µm are low enough for typical measurements so that coincidence errors are negligible. A dead-time coincidence correction algorithm (Hering et al. 2005 ) is implemented in the DRX, which reduces coincidence errors to approximately 10% at about 7000 particle/cm 3 . Errors will increase if the concentration of particles larger than 1 µm is greater than this concentration.
Second, it is assumed that the presence of smaller particles that cause an increased photometric voltage will not affect the sizing accuracy of larger particles (≥1 µm). Earlier studies have shown that the presence of high concentrations of smaller particles will skew the OPC size distribution due to the statistical fluctuations in the number of particles in the viewing volume during successive time intervals (Whitby and Liu 1967; Whitby and Willeke 1979; Lekhtmakher and Shapiro 2004) . According to Whitby and Willeke (1979) , if the average number of smaller particles (those with diameters 1 / 4 decade smaller than the lowest OPC diameter) in the viewing volume is less than 1, the spurious pulses generated by these particles will not significantly affect the measured size distribution. The DRX has a viewing volume of 0.021 mm 3 . Therefore, as long as the concentration of particles in the size range of ∼0.56-1 µm is less than ∼50,000 particles/cm 3 , the DRX measurement of 1-2.5 µm particles (which is used to calculate PM 1 ) will not be affected. PM 1 concentration will be less accurate if the concentration of 0.56-1 µm is greater than 50,000 particles/cm 3 .
Third, it is assumed that particles are spherical. The particle mass concentration (c m,i ) of each OPC channel i can be calculated by
where c n,i is the concentration of channel i, ρ p is particle density, and d ve is the volume equivalent diameter of channel i. The DRX has 2048 pulse height channels.
Since the sampling conventions (see Figure 1 ) are defined in term of aerodynamic diameter, we need to convert the d ve to the aerodynamic diameter (d a ) as follows (Hinds 1998) :
where ρ 0 is unit density (1 g/cm 3 ) and χ is the dynamic shape factor. Since we are only interested in relatively large particles, the slip correction term has been neglected. The dynamic shape factor is assumed to be 1. Then Equation (4) can be recast in terms of aerodynamic diameter as:
By default, the DRX reports the aerodynamic diameter of ARD, and ρ p = ρ ARD (2.65 g/cm 3 ). If a photometric calibration was performed, Equation (3) is used to estimate ρ p . The ARD aerodynamic diameter d a,ARD is converted from the PSL equivalent diameter d opt,i using a size calibration factor for ARD (SCF ARD ) by d a,ARD,i = ρ ARD /ρ 0 SCF ARD d opt,i .
[7]
It is puzzling to find that the value of SCF ARD , which is determined by calibration described later, is approximately 0.6. This suggests that d a,ARD,i ∼ = d opt,i from Equation (7). However, ARD has a refractive index (1.54) only slightly lower than that of PSL (1.59). If the light scattering intensity for ARD were calculated as spheres using Mie theory, SCF ARD would be approximately 1.01, and d a,ARD would be about 1.65d opt . An SCF ARD of ∼0.6 suggests that ARD scatters a lot more light than that predicted by Mie theory assuming spherical shape. This is probably because ARD is very irregular in shape (Hindman et al. 1982) .
Many studies have shown that the light scattering intensity of a non-spherical particle, when measured at off-axis scattering angles, is much higher than that predicted by Mie theory (Gebhart 1991; Friehmelt and Heidenreich 1999) . It is still not clear to us, however, why the measured photometric signal is in good agreement with Mie theory prediction as shown in Figure 5 .
When the aerosol being measured is different from ARD, a custom size calibration factor (SCF) is needed to convert the aerodynamic diameter of ARD to that of the aerosol being measured for the same optical equivalent diameter:
Ideally, the SCF should be a size dependent function. For simplicity, we assume SCF i is relatively constant over the size range of 1-15 µm. Therefore only one SCF value is applied. Equation (6) can then be rewritten as
The particle mass concentration from Equation (9) is integrated and grouped into one of the four size bins: PM 1-2.5 , PM 2.5-4 , PM 4-10 , and PM >10 .
There are two approaches to determine SCF. The first method involves measuring the penetration efficiency of a PM 2.5 impactor with the DRX. The SCF can be calculated from the ratio of 2.5 µm (the impactor cut-off size) to the DRX measured size corresponding to 50% penetration efficiency. This method is similar to those of calibrating an OPC to measure aerodynamic particle sizes (Marple and Rubow 1976; Friehmelt and Heidenreich 1999; Binnig et al. 2007 ). The second method involves two gravimetric calibrations, one for PM 2.5 and the other for PM 10 . The PCF and SCF are then calculated using Equations (1) and (9), which force an agreement between the PM 2.5 and PM 10 readings of the DRX and the two gravimetric measurements.
Size Segregated Mass Concentration by Combining Photometry and Single Particle Measurement
Once PM 2.5 mass concentration is obtained from photometry, and PM 1-2.5 , PM 2.5-4 , PM 4-10 , and PM >10 mass fractions are obtained from single particle sizing, these two results may be combined to obtain the size segregated mass concentration as follows:
[10]
PM 10 (Thoracic) = PM 4 + PM 4−10 TPM = PM 10 + PM >10 .
Ideally, each size channel needs to be multiplied by the respirable, PM 10 or thoracic penetration efficiencies in Figure 1 to obtain respective mass fractions. For simplicity, this step is not incorporated. Therefore, the DRX will overestimate particles smaller than the cut-off sizes but underestimate those larger than the cut-off sizes. These two fractions offset each other to some 
PERFORMANCE TESTS
To test the performance of the DRX, we carried out a series of experiments to compare DRX with a TEOM (Series 1400a, Thermo Scientific), a photometer (TSI Model 8520 DustTrak), and an OPC (TSI Model 8220) for several aerosols.
DRX vs. DustTrak 8520 and TEOM for Different Laboratory Generated Aerosols
In this experiment, we compared the DRX size segregated mass concentrations with TEOM for the default calibration aerosol (A1 dust) and three other aerosols (coarse ARD A4 dust, hematite and petroleum coke dust, all purchased from Powder Technology Inc., Burnsville, MN). The objectives are (1) to verify that the DRX can accurately measure A1 dust at various concentrations, (2) to characterize the DRX error for different aerosols, and (3) to find out whether the DRX can be calibrated to accurately measure mass concentrations of aerosols very different from A1 dust. The DRX was also compared to the DustTrak 8520 for A1 and A4 dusts to show their different sensitivities to the aerosol size distribution.
The experimental setup is shown in Figure 7 . The test dust was aerosolized with a TSI 3400A Fluidized Bed Aerosol Generator. Aerosol concentration was varied during the test by adjusting dust feeding speed and the air flow through the bed. A DRX, a TEOM, a TSI 8520 DustTrak with a PM 10 impactor, and a TSI 3321 APS sampled the aerosol concurrently from a mixing chamber. A fan inside the mixing chamber ensured uniform concentration inside the chamber. Before this experiment, the TEOM was compared with gravimetric filter measurements and found to agree within ±15%. The TEOM was used as the mass reference in this experiment. The TSI 8520 DustTrak is a photometer. It was used in this experiment to compare the differences between a photometer and the combined photometer and OPC measurements implemented in the DRX. The APS was used to monitor aerosol size distributions. The aerosol to the APS was diluted by a factor of 5 to avoid coincidence errors. The data acquisition rate was once a second for the DRX and Dust-Trak 8520, and about once every 4 s for the TEOM. The TEOM internal averaging time was set to 5 s to obtain fast response.
The experimental procedure is as follows: (1) A bed flow and a dust feeding speed of the fluidized bed were chosen to generate A1 dust PM 2.5 mass concentration around 2 mg/m 3 . The APS was used to monitor the aerosol size distribution until it stabilized. The concentration of ∼2 mg/m 3 was chosen because it was high enough to yield a stable TEOM reading while low enough to avoid overloading the TEOM in one run. (2) The DRX was calibrated with the stable A1 dust. This step set the baseline calibration factors for later comparisons. (3) The DRX was compared to the TEOM at various A1 dust concentrations generated by varying the fluidized bed settings. (4) The test dust in the fluidized bed was changed and a PM 2.5 concentration ∼2 mg/m 3 was generated and allowed to stabilize. (5) The DRX calibrated with A1 dust was compared to the TEOM to characterize errors due to the difference between A1 dust and the test aerosol. (6) The DRX was calibrated with the aerosol under test. (7) The fluidized bed settings were varied, and the DRX and TEOM were compared at various concentrations of the test aerosol. (8) Steps 4-7 were repeated for different test dusts. Figure 8 shows the mass concentration distribution of the four aerosols under typical stable fluidized bed operating conditions. The geometric mass mean aerodynamic diameter (d g ) and standard deviation (σ g ) of these size distributions are listed in Table 2 . Figure 9 shows the A1 dust mass concentration measured by the TEOM and the DRX during step (3) of the experimental procedure described above. A PM 10 impactor was installed on the inlet of the TEOM. The DRX did not have an impactor on its inlet. Note that the PM 10 concentration of the DRX is in good agreement with the TEOM over a wide range. The DRX simultaneously measured PM 1 , PM 2.5 , PM 4 , PM 10 , and TPM. The TEOM response time is about 6 s slower than the DRX, hence the TEOM showed a delayed response. Figure 10 shows the PM 2.5 and PM 4 mass concentrations measured by the TEOM and the DRX. A PM 2.5 or PM 4 impactor was installed on the inlet of the TEOM, and the DRX remained without an impactor on its inlet. The agreement between these two instruments is also good for these two mass fractions. Figure 11 plots the PM 2.5 , PM 4 and PM 10 mass concentration linear correlation between the TEOM and DRX. The raw data were numerically averaged every 5 s, and the difference in response time was adjusted. Because the TEOM and DRX were zeroed with filtered air, the regression lines were forced through the origin. As can be seen, the DRX agrees with the TEOM within approximately ±10% for all three mass fractions. Table 2 lists the DRX/TEOM mass concentration ratios for various aerosols measured before and after the DRX was calibrated with the aerosol under test. Also listed are the calibration factors obtained in step (6) of the experimental procedure. Note that as expected, the DRX would have significant errors when the test aerosol had different size distribution, refractive index, or density from A1 dust. However, after calibrated with the test aerosol, the DRX agreed with TEOM within ±10% for both FIG. 9. A1 dust concentration measured by the TEOM and the DRX. The TEOM had a PM 10 impactor on its inlet, while the DRX did not have an impactor on its inlet. PM 2.5 and PM 10 . Figure 12 shows an example comparison between the DRX and TEOM for various petroleum coke concentrations of PM 2.5 and PM 10 mass fractions. The DRX measured five mass fractions simultaneously, but only the one corresponding to the TEOM impactor cut-off size was plotted. Note that although petroleum coke has very different properties than the A1 dust, the DRX and TEOM have very good agreement. This experiment clearly demonstrates that after calibration with the test aerosol the DRX can measure size segregated mass concentrations quite accurately. The calibration factors reflect the property differences between A1 dust and the test aerosols. A detailed explanation of the mechanisms that lead to these calibration factor values is out of the scope of this article. When the DRX and DustTrak 8520, both calibrated with A1 dust, were used to measure A4 dust, the PM 10 channel of the DRX was 93% of the reference TEOM concentration, while the DustTrak 8520 was only 69% of the reference concentration. The reason for this underestimation by the DustTrak 8520 can be seen in Figure 8 , where A4 dust has more coarse particles than A1 dust. Since the DustTrak 8520 is a photometer, it would underestimate mass concentration of coarse particles due to their lower specific photometric responses (Figure 4 ). On the other hand, the DRX uses optical counting to measure coarse particles greater than 1 µm and uses photometric signal for the PM 2.5 fraction. Its PM 10 accuracy is less affected by the size distribution shift. Therefore, comparing to a simple photometer, the DRX not only provides size segregated information, but also significantly reduces PM 10 measurement error due to particle size distribution shifts.
DRX vs. TEOM for Ambient Aerosols
In this experiment, we used a DRX and a TEOM to measure aerosol concentrations from a receiving dock at TSI Inc. To reduce uncertainties due to relative humidity, aerosols were dried by a diffusion dryer before measurement. Both instruments first FIG. 10. PM 2.5 and PM 4 mass concentrations of A1 dust measured by TEOM and DRX. The TEOM had a PM 2.5 or PM 4 impactor on its inlet, while the DRX did not have an impactor. The other mass fractions measured by the DRX were not plotted for the sake of clarity. sampled filtered and dried air for 24 h to measure zero drift. It was found that the 30 min averaged zero drift was 2.0 ± 0.9 µg/m 3 for the TEOM and 0.5 ± 0.1 µg/m 3 for the DRX over 24 h. The TEOM drift had a temporal pattern while the DRX drift was random. The mean zero drift values were subtracted from raw concentrations in later data processing. Next we calibrated the DRX for aerosols in the receiving dock against the TEOM and obtained the DRX calibration factors of 0.8 and 0.418 for SCF and PCF, respectively. Then we applied a PM 10 impactor to the inlet of the TEOM and ran it in parallel with the DRX for 2 days. After that we replaced the PM 10 impactor with a PM 2.5 impactor on the inlet of the TEOM, and ran the two instruments for another 4 days. Figure 13a -b presents the 30 min averaged PM 10 (a) and PM 2.5 (b) levels measured by the DRX and TEOM over the sampling period. Figure 14a and DRX tracked each other closely. Figure 13 clearly reveals several temporal PM concentration patterns on the receiving dock. On weekdays, aerosol concentration started to increase around 8:00 when the first delivery truck arrived. The concen- FIG. 12. PM 2.5 and PM 10 mass concentrations of petroleum coke dust measured by TEOM and DRX. The TEOM had a PM 2.5 or PM 10 impactor on its inlet, while the DRX did not have an impactor. The other mass fractions measured by the DRX were not plotted for the sake of clarity. tration remained high during the day due to activities such as moving and opening shipping boxes. The concentration reached a peak around 19:00 when a janitor swept and vacuumed the floor. After that, the concentration kept decreasing until next morning when work started again. The concentration remained at low levels during the weekend. The difference between the PM 2.5 and PM 10 concentrations measured by the DRX also showed a temporal pattern. This difference was large during a work shift, indicating that shipping goods handling or floor cleaning generated a large amount of coarse particles. On the other hand, the difference was much smaller during nights or weekends, indicating ambient background aerosols were typically fine particles. Note that the correlation between the DRX and the TEOM was reasonably good, although it was not as good as those for laboratory generated aerosols as shown in Figure 11 . This was presumably due to two reasons: (1) the 948 X. WANG ET AL.
FIG. 13. Aerosol concentration measured by TEOM and DRX from a TSI receiving dock: (a) a PM 10 impactor was installed on the TEOM inlet; (b) a PM 2.5 impactor was installed on the TEOM inlet. The DRX did not have any impactor on its inlet. The DRX simultaneously measured 5 mass fractions. Only PM 2.5 and PM 10 were plotted. heterogeneous properties of aerosols from the receiving dock, which caused measurement uncertainties with the DRX; (2) the temporal variations of the TEOM zero drift, which caused relatively large uncertainties with the TEOM, especially at low concentrations.
DRX vs. OPC
In this experiment, we compared the DRX with an OPC for measuring monodisperse particles at various concentrations. The experimental setup is shown in Figure 15 . Emery oil particles were generated by atomizing 0.6% Emery oil solution in isopropanol. A differential mobility analyzer (TSI Model 3081) selected 0.5 µm monodisperse aerosols (Knutson and Whitby 1975) , which was mixed with makeup flow and sampled by a DRX, a TSI 8220 OPC, and a TSI 3775 Condensation Particle Counter (CPC) simultaneously. The OPC has 100% counting efficiency for 0.5 µm Emery oil particles. However, it has very coarse size channels (0.3-0.5, 0.5-1, 1-3, 3-10, and >10 µm), which would introduce significant errors when converting size distributions to masses. Therefore, it was only used as a counter in this experiment. The mass concentrations by the OPC and the reference CPC were calculated by multiplying number concentration by the mass of a 0.5 µm Emery oil particle. The DRX photometric signal was calibrated to 0.5 µm Emery oil, and the optical sizing was adjusted for Emery oil. The aerosol concentration was varied by adjusting the dilution bridge. Figure 16 shows a comparison of the DRX and OPC mass concentration against the reference CPC concentration. Note that the DRX agreed with the reference concentration within 15% in the mass concentration range of ∼1-1000 µg/m 3 (corresponding to a number concentration range of ∼18-18,000 particle/cm 3 ). The deviation became greater at lower concentrations due to low signal-to-noise level. On the other hand, the OPC agreed with the reference concentration within 15% from very low concentration up to ∼10 µg/m 3 (180 particle/cm 3 ). It started to underestimate concentration at higher concentrations due to coincidence errors. In many measurement applications, the number concentration of particles smaller than 1 µm is much higher than those larger than 1 µm. This experiment demonstrates that the DRX can measure aerosol concentrations more accurately than an OPC in a dusty environment.
DISCUSSIONS AND CONCLUSIONS
We have developed a unique instrument, the DustTrak TM DRX, that estimates size segregated particulate mass concentration in real time. This optical instrument uses photometry to measure PM 2.5 mass concentration and uses single particle sizing and counting to produce size segregated mass fractions.
The DRX is more accurate than an OPC when measuring high concentrations. It measures the mass contribution from the indistinguishable smaller particles with the photometric signal, and only sizes and counts individual particles larger than 1 µm. It further employs a dead-time correction to reduce coincidence errors.
The DRX is also superior to simple photometers. It offers additional information about particle sizes. Furthermore, it is also more accurate in estimating mass contribution from larger particles (≥1 µm), which is significantly underestimated by simple photometers.
The DRX is calibrated using A1 dust. Measurements with A1 dust demonstrate that the DRX agrees with a TEOM mass concentration within approximately ±10%. It offers a faster response time and data acquisition rate. While the TEOM only measures one size fraction determined by the impactor, the DRX provides simultaneous size segregated aerosol mass concentration information. When the aerosol of interest is quite different from A1 dust, a custom calibration is needed to obtain a photometric calibration factor (PCF) and a size calibration factor (SCF). Experiments performed with different aerosols show that the DRX can measure mass concentration with reasonable accuracy after it is calibrated with the aerosol under test.
Since the DRX measures aerosol mass concentrations using the light scattering principle, its accuracy is affected by the shape, size distribution, refractive index and density of the aerosol being sampled. Therefore, although the instrument is suitable for measuring the relative concentration change of aerosols having constant properties such as those typically encountered in the workplace, it might have considerable uncertainty when it is used for atmospheric aerosol monitoring due to the temporal and geographical variations of aerosol properties. Previous studies have shown, however, that when operated with consistent methodology, light scattering measurement devices will yield results highly correlated to atmospheric aerosol mass concentrations, especially over short time periods (Waggoner et al. 1981; Chow et al. 2002) . A preliminary measurement of ambient aerosols from a receiving dock showed reasonable agreement between the DRX and the TEOM. The DRX is therefore a useful real-time indicator of short-term variations of ambient aerosol.
